Abstract: Conjugated microporous polymers are au nique class of polymers that combine extended p-conjugation with inherent porosity.H owever,t hese polymers are synthesized through solution-phase reactions to yield insoluble and unprocessable solids,w hichp reclude not only the evaluation of their conducting properties but also the fabrication of thin films for device implementation. Here,wereport astrategy for the synthesis of thin films of p-conjugated microporous polymers by designing thiophene-based electropolymerization at the solution-electrode interface.H igh-quality films are prepared on al arge area of various electrodes,t he film thickness is controllable,a nd the films are used for device fabrication. These films are outstanding hole conductors and, upon incorporation of fullerenes into the pores,f unction as highly efficient photoactive layers for energy conversions.Our film strategy mayb oost the applications in photocatalysis, energy storage,and optoelectronics.
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Advances over the past decade in polymer chemistry have had as ubstantial effect on the design of p-conjugated microporous polymers (CMPs). [1] They show outstanding properties in gas storage, [2] sensing, [3] luminescence, [4] catalysis, [5] energy transfer, [6] and electric energy storage. [7, 8, 9a] CMPs are currently synthesized through solution-phase polymerizations,i ncluding Suzuki reaction, [3a, 4b,5a, 6a] Sonogashira reactions, [2b,d,e,5b, 6b,c,7] Yamamoto reactions, [3a,4a, 5c] oxidative coupling reaction, [2a,c,d, 3c] cyclotrimerization reaction, [5e,9] Schiff-base reaction, [10] phenazine ring-fusion reaction, [8] and Friedel-Crafts reaction. [11] These reactions covalently link organic building blocks into p-conjugated polymer skeletons. Owing to their crosslinked network structures,t he vast majority of CMPs are obtained as insoluble and unprocessable solids,w hich preclude not only the evaluation of conducting properties but also the preparation of high-quality thin films for device applications.There are afew examples of solution processable CMPs, [12] where films can be prepared by solution casting,but the incorporation of these materials into functional devices has not yet been demonstrated. Although av ariety of CMPs with different p-structures have been reported, their conducting properties are still undetermined and their potentials for device applications remain unclear. Thef ield of CMPs is currently facing two major challenges, that is,C MPs are not processable and their conductivity is unkown. These challenges need to be overcome for the further advance of the field.
[1d]
Recently,w eh ave developed an electropolymerization method for the synthesis of porous polymers, [13] which uses as olution-electrode interface for the simultaneous polymerization and deposition of porous polymer films on electrodes. However,this method has been explored only for monomers that have N-substituted carbazole units as electropolymerization groups.T hese N-substituted-carbazole-based systems result in ac lass of porous organic polymer films but they do not have a p-conjugated structure [13] because of the interruption of p-conjugation by the N-bonds.T oovercome these limitations,weendeavored to explore new molecular systems that can form p-conjugated porous polymer films.Herein, we report the first synthesis of p-conjugated microporous polymer films,w hich are prepared on the large area of various electrodes with high quality and can be used for device fabrications.W es how the controlled synthesis of thin films with different thicknesses of nanometer precision and highlight their outstanding properties,i ncluding their porosities, band gaps,c onductivity,a nd their functions as photoactive layers for solar cells.
Thek ey concept in designing thiophene-based building blocks is that each thiophene subunit contains only one reactive position (Figure 1a ,blue arrows) for electropolymerization by CÀCb ond formation (Figure 1b) . We designed monomers with multiple thiophene units on afocal aromatic benzene moiety;this multi-arm alignment makes possible the formation of porous p-skeletons as predicted by the calculated optimal elementary one-pore structures (Figure 1c ). We demonstrated this new strategy by using two typical thiophene structures;o ne is the ring-fused thiophene,n amely benzotrithiophene (BTT), which has ap lanar conformation, and the other is ar ing-substituted thiophene,t hat is,1 ,3,5-tri(2-thienyl)-benzene (TTB), which suggests ap ropellershaped structure.I nt he CMPs,t he BTT and TTB units occupy the knot segments of the networks (Figure 1c )and the monomer structures play avital role in directing the growth of porous skeletons and controlling their pelectronic, conducting, and photovoltaic properties.
We set up at hree-electrode electropolymerization system using indium tin oxide (ITO), poly (3,4-ethylenedioxythiophene) :poly(4-styrenesulfonate) (PEDOT:PSS) coated ITO, or glassy carbon as the working electrodes,atitanium plate as the counter electrode,a nd Ag/Ag + as the reference electrode (Figure 1b) . Under optimal reaction conditions,propylene carbonate (PC) was used as the solvent, nBu 4 NClO 4 (0.1m)w as used as the electrolyte,a nd the concentration of BTT or TTB was set to 210 À2 or 310 À3 m,r espectively.T he electropolymerization was conducted by cyclic voltammetry (CV) scanning in the optimized potential range from À0.8 to 1.2 V for BTT and from À0.8 to 1.05 Vfor TTB, respectively.P olymerization occurs only at the solution-electrode interface;t his method precludes the formation of CMP particles in bulk solution. As the polymerization proceeded, the electrode gradually became brown-red in color,a s identified by the naked eye.D uring the polymerization the CMP films were simultaneously deposited at the electrodes. Figure 1d and 1e present the CV profiles for BTT and TTB,r espectively, for aconsecutive scan of 10 cycles at arate of 0.05 Vs À1 (see Figure S1 in the Supporting Information). One cycle required only 80 st oc omplete under the optimal conditions.W ith respect to the CV cycles, an oxidative band was observed when the applied potential exceeded 0.58 Vf or both BTT and TTB;i nt he potential range from 0.58 to 0.96 Vf or BTT (Figure 1d )a nd from 0.58 to 1.02 Vf or TTB (Figure 1e ), the networks of the films oxidized. Thec urrents associated with these bands increased as the number of cycle scans was increased. As imilar increasing trend was also observed for the reduction peaks.These increases indicated that polymerization of the monomers and formation of the CMP films proceeded cleanly and rapidly upon successive CV scans.
Ad istinct feature of the electropolymerization used to produce CMP films is that this method makes possible well-defined control over the film thickness. We prepared films at scan cycles of 2, 4, 6, 8, 10, 12 , and 14 and measured the film thickness using ap rofilometer.F igure 1f presents plots of the thickness versus the cycle number. The 
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Chemie thickness of both CMP films exhibited alinear dependencyon the cycle number. On the basis of the slopes,the thickness of the BTT-CMP films (red curve) increase by 5.3 nm per cycle, whereas an increase of 6.2 nm per cycle was observed for the TTB-CMP films (blue curve). Thet unability of the film thickness determines the compatibility with various device applications;i nt his thiophene-based electropolymerization systems,t he film thickness can be controlled by simply adjusting the number of scan cycles.
Polymerization of BTT was observed by the disappearance of the C-H deformation band at 851 cm À1 of the thiophene unit and the appearance of an ew band at 928 cm À1 assignable to the C-C linker at the 2-position of the dithiophene units (Table S1, Figure S2 ). Polymerization of TTB resulted in the disappearance of the band at 851 cm À1 assigned to the C À Hdeformation of the thiophene moiety of TTB and the appearance of an ew band at 1158 cm À1 assignable to the CÀCl inkers at the 2-position of the dithiophene units in the TTB-CMP films (Table S1 , Figure S2) . TheHR-TEM images show that both the BTT-CMP and TTB-CMP films consist of homogeneous microporous textures with pore sizes less than 2nm( Figure S3 ). To observe the morphology of the CMPs in the films,w ep erformed atomic force microscopy (AFM) measurements.T he BTT-CMP films comprised two-dimensional thin plates with widths of approximately 300-400 nm, whereas the TTB-CMP films were composed of oval-shaped objects with sizes of 200-300 nm ( Figure S4 ). Both films exhibited smooth surface morphologies;the root-mean-square (RMS) roughness of the 60 nm-thick BTT-CMP and TTB-CMP films was 1.24 and 1.78 nm, respectively.T hese low RMS roughness values of thin films satisfy the requirements of optoelectronic devices.
We investigated the porosity of the films by performing Kr adsorption isotherm measurements at 77 K. Forthis purpose, we synthesized micrometer-thick films using an electrolysis method. We prepared the films on several ITOe lectrodes, and placed these films on ITOe lectrodes in the sample tube of the adsorption device for measurement. TheB TT-CMP and TTB-CMP films exhibited similar adsorption profiles (Figure 1g ). TheB TT-CMP film exhibited aB runauerEmmett-Teller (BET) surface area of 1152 m 2 g
À1
,w hereas the TTB-CMP film exhibited aB ET surface area of 1405 m 2 g À1 .U sing the nonlocal density function theory method, the pore size distribution and pore volume were calculated to be 1.51 nm and 0.65 cm 3 g À1 for the BTT-CMP films and 1.70 nm and 0.72 cm 3 g À1 for the TTB-CMP films, respectively (Figure 1h ,i, Table S1 ).
We used two methods to evaluate the band gap of the CMP films.First, the optical band gap was estimated from the onset edges of the electronic absorption spectra. TheB TT-CMP films exhibited an onset edge at 650 nm, and the TTB-CMP films exhibited an onset edge at 570 nm ( Figure S5) ; these values correspond to band gaps of 1.91 and 2.18 eV, respectively.S econd, the electrochemical band gap was evaluated on the basis of CV measurements.T he CMP films on glassy carbon electrodes were measured in at hreeelectrode electrochemical cell in the absence of the monomer. TheBTT-CMP films exhibited onset oxidative and reductive potentials at 0.66 and À1.34 V, respectively (Figure 2a ,r ed curve), which correspond to the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) levels of À5.32 and À3.32 eV,r espectively (Figure 2b ,T able S1). Thus,t he electrochemical band gap is 2.00 eV.U sing the same method, the HOMO and LUMO levels of the TTB-CMP films were evaluated to be À5.54 and À3.19 eV on the basis of their onset potentials of 0.88 and À1.74 V, respectively (Figure 2a,b lue curve) . Therefore,t he TTB-CMP films have ab and gap of 2.35 eV (Figure 2b) . These low-band-gap materials can be used in semiconducting and optoelectronic applications.
Theh ole-conducting properties were investigated using the space-charge-limitedc urrent (SCLC) technique, [14] with ad evice structure of ITO/PEDOT:PSS/CMP film/MoO 3 /Al (Figure 2c,i nset) . Fort his purpose,w ec onducted polymerization on the ITO/PEDOT:PSS electrode to form 60 nmthick CMP films,onwhich 10 nm MoO 3 and 100 nm Al were vacuum deposited. Theh ole mobility was determined by fitting the dark current to the model of asingle-carrier SCLC, defined as
where J is the current density, e 0 is the permittivity of free space, e r is the material relative permittivity, V is the effective voltage,and d is the thickness of the active layer, respectively.F igure 2c shows the plots of J 1/2 versus V.Both CMP films exhibited linear correlations;their hole mobility m h was deduced on the basis of the slope. Notably,t he BTT-CMP film (red curve) exhibited ah ole mobility as high as 7.34 10 À4 cm 2 V À1 s À1 ,which is among the highest reported for p-conjugated polymers measured using the same technique. [14] In contrast, the hole mobility of the TTB-CMP film (blue curve) was estimated to be 1.01 10 À4 cm 2 V À1 s À1 .T hus,t he BTT-CMP films with planar BTT units greatly facilitate hole transport over the p network.
Thep reparation of CMP films using electropolymerization has several advantages.The method is ahigh-throughput synthesis because the films were formed only on the electrodes;n op olymer powder was observed in solution. This method is efficient because it produced athin film in several seconds or minutes;t he solution-phase synthesis of CMP powders requires several hours or days.T he electropolymerization did not require any catalysts and was conducted at room temperature in air,w hile the synthesis of bulk CMPs usually requires specific catalysts,h igh temperatures,a nd an inert atmosphere.A lthough al arge number of CMPs have been reported to date,t heir semiconducting properties remain unclear. Our results unambiguously indicate that CMPs can be designed as highly conductive films for device implementation.
Unlike other porous materials,C MPs are structurally unique in that they make possible the combination of extended p-conjugation and porosity. [1] We further investigated their function as photoactive layer for photoenergy conversion. Fort his purpose,w ed irectly polymerized the monomers on ITO/PEDOT:PSS electrodes to form CMP films.T he resulting electrodes were then placed on as pin coater;1,2-dichlorobenzene solution of fullerene (50 mL) was subsequently dropped onto the CMP films and was allowed to stand for 10 minutes,followed by spin coating at 800 rpm for 1minute.W ec hose C 60 as the electron acceptor (Figure 2b ), whose diameter (0.7 nm) is smaller than the pore sizes (Figure 2f,g ) of the films.T he cathode of 0.5 nm LiF and 100 nm Al were then deposited in vacuum onto the photoactive layers to construct solar cells with ac onfiguration of ITO/PEDOT:PSS/CMP:C 60 film/LiF/Al (Figure 2d ,F igure S6).
We prepared CMP films with different thicknesses of 42. 4, 63.6, 79.5, 62.1, 80.6 , and 99.2 nm for TTB-CMP films ( Figure S6 , Tables S2,  S3 ), used different concentrations of C 60 of 5, 10, 15 , and 20 mg mL À1 (Tables S4 and S5) , and prepared more than 200 solar cells for each condition to optimize the photoactive layers ( Figures S7 and S8) . Under optimal conditions,t he CMP film thickness was determined to be 60 nm for both CMPs and the C 60 concentration was 10 mg mL À1 .W e employed ion-sputtered X-ray photoelectron spectroscopy to evaluate the ratio of the sulfur atoms of the CMP films to the carbon atoms of C 60 .F igure 2f and gs ummarizes the depth-dependent distribution of C 60 .The BTT-CMP:C 60 films (Figure 2g ,r ed curve) consist of at op 20 nm layer of C 60 , under which C 60 is homogeneously distributed throughout the 60 nm thick CMP film, as indicated by asharp increase in the sulfur content at 20 nm and an almost constant sulfur level over the depth from 20 to 80 nm. Asimilar phenomenon was also observed for the TTB-CMP:C 60 films,w hich contain at op 10 nm layer of C 60 ,w hereas the CMP film was also homogeneously doped with C 60 (blue curve). Thep orous structure facilitates the homogeneous doping of C 60 into the film, which significantly enhances the p-n heterojunction interface. Figure 2hshows the performance of solar cells fabricated using the CMP:C 60 films as photoactive layers.T he cells with BTT-CMP:C 60 photoactive layers (red curve) exhibited ap ower conversion efficiency( PCE) of 5.02 %( open-circuit voltage (V OC ) = 0.732 V, short-circuit current (J SC ) = 10.05 mA cm À2 ,a nd fill factor (FF) = 0.682). In contrast, the cells fabricated using the TTB-CMP:C 60 films as photoactive layers (blue curve) exhibited aPCE of 2.55 %(V OC = 0.859 V, J SC = 4.91 mA cm À2 ,a nd FF = 0.605). Theh igh J SC value observed for the BTT-CMP:C 60 cells is attributed to the higher hole mobility of the BTT-CMP films,whereas the high V OC for the TTB-CMP:C 60 devices originates from the lower HOMO energy level of the TTB-CMP films (Figure 2b ). These results indicate that the semiconducting CMP films could serve as highly efficient photoactive layers for photoenergy conversion. To the best of our knowledge,the PCEs of the CMP films are the highest reported among solar cells containing porous polymers as ap hotoactive layer (Table S7) . [15] 
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In summary,our findings introduce auseful strategy based on electropolymerization for the preparation of p-conjugated microporous polymer films.T he thiophene-based molecular systems are high throughput and efficient for the synthesis of high-quality large-area thin films and make it possible to control the film thickness.Inprinciple,our strategy is widely extendable to other thiophene-based monomers for the preparation of various porous polythiophene films.F or the first time,t he conducting properties of CMP materials were unambiguously revealed. Thehigh-performance photovoltaic devices are encouraging and would inspire further structural explorations.T he present film strategy is tolerated for the structural design of monomers;w ea nticipate that the CMP films may find aw ide variety of applications,s uch as transistors,d iodes,v apor sensors,p hotoelectrochemical water splitting,
[5f] and energy storage.
